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Abstract
Carbonation of formation minerals converts low viscosity supercritical CO2 injected into deep saline reservoirs for geologic 
sequestration into an immobile form.  Until recently the scientific focus of mineralization reactions with reservoir rocks has been 
those that follow an aqueous-mediated dissolution/precipitation mechanism, driven by the sharp reduction in pH that occurs with 
CO2 partitioning into the aqueous phase. For sedimentary basin formations the kinetics of aqueous-mediated 
dissolution/precipitation reactions are sufficiently slow to make the role of mineralization trapping insignificant over a century 
period. For basaltic saline formations aqueous-phase mineralization progresses at a substantially higher rate, making the role of 
mineralization trapping significant, if not dominant, over a century period. The overlooked mineralization reactions for both 
sedimentary and basaltic saline formations, however, are those that occur in liquid or supercritical CO2 phase; where, dissolved 
water appears to play a catalyst role in the formation of carbonate minerals.  A model is proposed in this paper that describes 
mineral carbonation over sequestration reservoir conditions ranging from dissolved CO2 in aqueous brine to dissolved water in 
supercritical CO2.  The model theory is based on a review of recent experiments directed at understanding the role of water in 
mineral carbonation reactions of interest in geologic sequestration systems occurring under low water contents.
© 2010 Elsevier Ltd. All rights reserved
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1. Introduction
Carbon capture and storage (CCS) is a critical component in scenarios aimed at reducing global energy-related 
emissions of CO2 to 50% of 2005 levels by 2050 [1]. Successful emission reduction scenarios require permanent 
storage of the captured greenhouse gases. Deep saline formations (depths > 0.8 km) are being investigated for 
suitability as secure and permanent geologic reservoirs [2]; where, the injected gases will reside in some 
combination of a distinct mobile phase (scCO2), dissolved in the saline aqueous phase, trapped as an immobile 
nonwetting phase, or as immobile carbonate minerals. Structural trapping of the mobile scCO2 phase requires 
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impermeable barriers to prevent its upward migration to fresh water aquifers or the ground surface. Geologic 
structures with impermeable barriers have trapped natural sources of CO2 without leakage for thousands of years 
[3], which suggests that structural trapping can be a viable storage mechanism. Storage of CO2 via aqueous 
dissolution and hydraulic trapping after the active injection period will be effective for saline formations with 
negligible flow, which is generally the situation for deep saline aquifers [4].
CO2 storage via mineralization has been largely discounted as being a contributing trapping mechanism over the 
operational term (50-yr production + 50-yr monitoring) of a large-scale anthropogenic CO2 source, such as a fossil 
fuel powered el ectricity generation plant, because of the slow mineralization reaction kinetics [5]. Aqueous 
dissolution of sedimentary formations and precipitation of carbonates have so far been predicted to occur at rates 
that would require thousands of years to transform significant percentages of the injected CO2 (~ 21% injected CO2
trapped as calcite and dawsonite after 1000 years in the White Rim Sandstone) [6]  However, the vast majority of 
prior research, particularly with respect to geochemical reaction modeling, has been focused on an aqueous phase 
mechanism involving 1) dissolution of primary minerals resulting from acidification via CO2 dissolution and 
carbonic acid formation and 2) precipitation of carbonate secondary minerals [7,8,9]. As one illustration, Marini's 
recent monograph [10] is entirely dedicated to geochemical interactions in the aqueous solution, including 
discussions on the kinetics of dissolution/precipitation reactions for over 100 silicates, oxides, hydroxides and 
carbonates. Marini's monograph concludes with aqueous reaction path models of geologic CO2 sequestration for 
four classes of deep saline formations: 1) ultramafic rocks 2) continental tholeiitic flood basalts, 3) basaltic glass, 
and 4) sedimentary basins. Ultramafic rock ostensibly represents an extreme upper limit for mineral trapping 
potential via primary mineral dissolution and secondary mineral precipitation. For example, using dunite (85.5% 
forsterite and 9.5% fayalite by volume), Xu et al. [11] reported a linear relationship between cumulative sequestered 
CO2 and time. Simulations using a CO2 injection pressure of 26 MPa predicted that after 1000 years, 100 kg of CO2
are sequestered into 1 m3 of rock, with the porosity decreasing from 5% to 0.6%.
Continental tholeiitic flood basalts, such as the Columbia River Basalt Group, are also predicted to have potential 
for CO2 sequestration via mineralization [9,12]. Marini conducted kinetic reaction simulations on a representative 
tholeiitic fl ood basalt (73.86% plagioclase, 18.32% clinopyroxene, 6.30% orthopyroxene, 2.77% magnetite by 
volume), assuming the basalt was holocrystalline, composed entirely of crystals and void of glass [10]. Simulation 
results, using a CO2 injection pressure of 10 MPa, predicted that after 1000 years, 80 kg of CO2 are sequestered into 
1 m3 of rock, with the porosity decreasing to 0% at about 10 years. Although not considered in Marini's simulations 
of basaltic glass, the carbonation of basaltic glass occurs two orders of magnitude faster than that of tholeiitic basalt 
if the geometric surface area based reaction rate is considered. Precipitated minerals predicted for CO2 sequestration 
in tholeiitic basalt were chalcedony, kaolinite, goethite, dolomite, siderite, calcite, and dawsonite. In contrast the 
simulation results for basaltic glass yielded magnesite instead of calcite. Porosity reduction to 0% was predicted to 
occur at about 50 years [10]. These examples of extreme mineralization potential contrast what can be expected to 
result from sequestration in a typical sedimentary basin.  Xu et al. [11] simulated the carbonation of a glauconitic 
sandstone, representative of a sedimentary basin, with CO2 injected at 26 MPa. As with the dunite simulation, a 
linear relationship between cumulative sequestered CO2 and time was predicted. However, the carbonation rates 
were considerably slower, yielding only 17 kg of sequestered CO2 into 1 m
3 of rock after 100,000 years.  Hence 
mineralization storage potential remains only a secondary consideration with respect to the current prevailing view 
of sedimentary basins as the principal sequestration target and aqueous phase mediated subsurface chemistry.
A number of investigations have now demonstrated the potential for mineralization reactions to occur in the CO2-
rich phase [13,14,15], an aspect of sequestration chemistry tacitly ignored in all geochemical reaction modeling to 
date.  As the present paper is principally interested in geologic sequestration in deep saline formations the CO2-rich 
phase will be assumed to be primary supercritical CO2, denoted scCO2. To prevent corrosion in the transport pipe 
lines and well casings, water will be removed from the injected C O2 during the capture process. Injection of 
anhydrous scCO2 into a deep saline formation results in mutual dissolution of CO2 into the saline aqueous phase 
(brine) and small amounts of water into the scCO2 phase. Water solubility in scCO2 varies with temperature and 
pressure [16,17], ranging in mole fraction between 0.001 and 0.024 for temperatures between 31˚ and 100˚ C. The 
importance and lack of understanding the reactive behavior of scCO2 and the host rock, under relevant geologic 
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sequestration conditions, was noted by Kaszuba et al. [18] in 2003. The experiments of Kaszuba et al. [18] 
demonstrated that geochemical reactions for geologic sequestration systems in deep saline formations surpass 
dissolution of CO2 and precipitation of carbonate minerals, but no specific alternate reaction mechanisms were 
identified. In this paper we will develop a kinetic reaction rate model for geologic sequestration conditions that 
considers two competitive reaction mechanisms: 1) aqueous phase mediated dissolution of primary minerals with 
precipitation of secondary minerals and 2) scCO2 phase mediated direct carbonation of formation rock minerals with 
or without water consumption.
2. Review of Experimental Research
Regnault et al. [13] conducted a series of three batch reaction experiments within an autoclave between pure 
minerals (phlogopite, glauconite, anorthite, forsterite, dolomite, and portlandite) and anhydrous scCO2 or two-phase 
scCO2-water systems at 200˚C and 10.5/16.0 MPa for 45 days. Each experiment involved five peripheral 1-cm
3 cells 
of minerals, eliminating one mineral from each experiment. The first experiment (A1) was void of forsterite under 
two-phase scCO2-water conditions. Chemical reactions in this experiment followed the expected primary mineral 
dissolution - secondary mineral precipitation path. The second experiment (A2) was void of forsterite under initially 
anhydrous scCO2 conditions. The direct reaction of portlandite with CO2 released water into the system, which was 
then available to react with the minerals. The third experiment (A3) was void of water-releasing portlandite under 
anhydrous scCO2 conditions. Scanning electron microscope (SEM) pictures and X-ray diffraction (XRD) of the 
secondary minerals formed from the anorthite reactions suggest that different reaction mechanisms were occurring 
among the three experiments. For experiment (A1) the anorthite showed evidence of dissolution and massively 
secondary precipitation of smectites, calcite as monocrystals, aragonite, and tridymite. For experiment (A2), the 
water generated (~0.2 cm3) by the portlandite reaction created two-phase scCO2-water conditions within the 
portlandite cell, and water-saturated scCO2 conditions in the anorthite cell via water dissolution into and diffusion 
through the scCO2. Anorthite reactions under water-saturated scCO2 conditions yielded smectites that appeared as 
honey-comb spheres on the anorthite surface and smaller amounts of calcite than in experiment (A1). These results 
support the notion that the mineral reaction mechanism differs between the case where water quantity is sufficient to 
support aqueous dissolution (A1) and where water is dissolved in scCO2 or perhaps resides as a thin film (A2) in 
quantities enough for ion solvation and limited mass transfer.
Regnault et al. [19] continued these studies, but only using portlandite as the reacting mineral. Three reaction 
kinetics experiments were conducted at 200˚C and 16 MPa: (B1) initial two-phase scCO2-water conditions; (B2) 
initially anhydrous scCO2 conditions, transitioning to scCO2 plus dissolved water conditions; and (B3) initially 
anhydrous scCO2 conditions, transitioning to two-phase scCO2-water conditions. For experiment (B1), portlandite 
carbonation proceeds at a rapid rate via dissolution and precipitation of calcite. The reaction rate is later moderated 
by the decreasing accessible surface area up to the complete carbonation of the portlandite. For experiment (B2), 
portlandite carbonation initially proceeds rapidly, but then halts at 40% reacted portlandite, as the calcite forms a 
protective coating around the portlandite grains. As with the previous experimental study the reaction mechanism 
appears to a function of the water state; either sufficient quantity for as a discrete water phase, water dissolved in the 
single-phase scCO2, or residing as a thin film on the portlandite surface.
Lin et al. [14] specifically designed a series of experiments to distinguish the reactive behavior of minerals 
(quartz, biotite, and granite) under geologic sequestration conditions (100˚C and 10 MPa) for four different water-
scCO2 phase states: (C1) anhydrous scCO2; (C2) water dissolved in scCO2 under saturated conditions; (C3) liquid 
water and scCO2 in equilibrium; and (C4) pure liquid water. All experiments were conducted at 100˚C for 48 hours. 
Unlike the portlandite experiments of Regnault [13,19], the (C1) experiments yielded no mineral alterations for 
quartz, biotite and granite, which indicates the stability of these primary rock-forming minerals in the absence of 
water. The (C4) experiments yielded the expected dissolution of minerals into liquid water. Quartz and biotite 
showed negligible alteration for short reaction times and temperature conditions of the (C3) experiments. After 96 
hrs the (C3) experiments with granite yielded an aluminosilicate secondary mineral (perhaps kaolinite), 
characterized by randomly oriented  fine flocculent platelets, but no distinct carbonate minerals were observed. The 
granite alteration followed the primary mineral dissolution and secondary mineral precipitation reaction pathway. 
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The granite (C2) experiments, involving scCO2 saturated with dissolved water, yielded a calcium-rich carbonate 
mineral (perhaps calcite) as grains on the plagioclase and biotite phases after 48 hrs at 100˚C. To create the saturated 
dissolved water conditions in scCO2, the scCO2 phase was kept in contact with a small open reservoir of water. Lin 
et al. [14] concluded that water diffused through the scCO2 phase, forming a very thin film on the porous granite 
surface. The greater reactivity of the (C2) experiments with granite and the appearance of a carbonate mineral after a 
short reaction period indicates that a different reaction mechanism occurs under scCO2 saturated with dissolved 
water conditions than under two-phase liquid water and scCO2 equilibrium conditions.
3. Model Development from Forsterite Experiments
Previous experimental work [13,14,15,19] on mineral reactions under scCO2 conditions with dissolved water has 
demonstrated enhanced reactivity for some minerals and indicated different reaction mechanisms are at play 
compared with two-phase scCO2-water conditions. Specifically scCO2 with dissolved water conditions appear to 
result in localized mineral replacement or transformation reactions, which differ from bulk aqueous fluid mediated 
dissolution/precipitation reactions involving mass transport in the aqueous phase. We recently completed a series of 
experiments using magic angle spinning nuclear magnetic resonance (NMR) spectroscopy to investigate the role of 
water in scCO2 on the carbonation of pure forsterite [20]. During these experiments the amount of water in the 
system was varied systematically from two-phase scCO2-water conditions, to water-saturated scCO2 conditions, to 
well below water-saturated scCO2 conditions, to anhydrous scCO2 conditions. The experimental hypothesis was that 
water was able to act to some extent as a catalyst, in which water played the role of both reactant and product with 
net recycling of water. Experiments were conducted at 80˚C, 7.5 MPa, in a 11 cm3 reactor cell, loaded with 1 g
(0.0071 mole) of powered forsterite, having a BET specific surface area of 1.0 m2/g. Water amounts ranging from 1 
g (5.56e-2 mole) to 1 mg (5.56e-5 mol) were injected into the forsterite powder using a micro-pipette. Water-
saturated scCO2 conditions were created by placing an open vertical cylinder, holding 0.3 g of water, into the 
reactor.
NMR spectra collected from reactions lasting 4 days showed increasing amounts of forsterite conversion to 
amorphous silica intermediates and a combination of amorphous and crystalline carbonate products (e.g., a 
predominantly amorphous hydrated hydroxycarbonate compositionally similar to dypingite, nesquehonite, and 
magnesite) products with increasing water contents from 0 to 1 g. Forsterite conversion extent versus water content 
followed a linear correlation for water contents below 0.025 g then asymptotically reached a maximum of 45.7% 
conversion between a water content of 0.15 and 0.2 g, indicating a threshold above which increasing water content 
yielding negligible effect on the reaction kinetics. At a water content of 0.01 g the NMR spectrum is dominated by 
crystalline magnesite with small amounts of a dypingite-like phase. For higher water contents the spectra remains 
dominated by the crystalline magnesite peak, but for lower water contents the magnesite peak weakens and then 
disappears below a water content of 0.005 g.  For water contents below 0.005 g a broad peak, assigned to amorphous 
structures similar to dypingite, dominate the spectra.  A sequential reaction mechanism has been proposed to explain 
these observations.  The forsterite initially reacts with water and CO2 forming the intermediate dypingite-like
species, consuming water nominally according to:
5Mg2SiO4 + 22H2O + 8CO2 ! 2Mg5(CO3)4(OH)2∀5H2O + 5H4SiO4 (1)
Continued reaction then releases water to form magnesite according to:
Mg5(CO3)4(OH)2∀5H2O + CO2 ! 5MgCO3 + 6H2O (2)
These experiments lend themselves to detailed modeling upon estimation of the water retention characteristics of 
the forsterite material. The forsterite in these experiments was obtained from Alfa Aesar as < 350 mesh (44 μm) 
sized particles, which were oven dried at 200˚C for 12 hr. An estimation of the moisture retention characteristics of 
the forsterite particles in the reactor was made using pedotransfer functions [21], by assuming a silt fraction (50-2 
μm) of 0.85 and a clay fraction (< 2 μm) of 0.15.  For a bulk density of 1.2 g/cm3, this yielded a porosity of 0.55, a 
van Genuchten [22] # of 0.14 cm-1, n of 1.29, and m of 0.226.  The moisture retention function was extended to 
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oven-dry conditions using the Webb extension [23] with the oven-dry head set to 105 m.  When combined with the 
van Genuchten function parameters the resulting matching point saturation and head were 0.0448 and 3180 m, 
respectively.  The state of the water in the forsterite experiments can be determined by finding the equilibrium state 
of the water dissolved in the scCO2 and the liquid water within forsterite powder pore space (in-situ).  New 
correl ations for equilibrium between liquid water outside of porous media (ex-situ) and water dissolved in scCO2
was recently formulated that relies on activity coefficients for liquid-water phase and fugacity for the scCO2 phase 
[16,17].  These formulations can be applied to in-situ conditions through Kelvin's vapor pressure lowering function 
[24].
The H2O molality curve in Figure 1 relates the water molality (mole H2O/kg scCO2) to the water mass in the 
forsterite experiments; we assume that the liquid water bound in the forsterite pore space is in equilibrium with the 
dissolved water in the scCO2 phase.  Below an initial water content of 0.02 g, the water saturation within the pore 
space is sufficiently low that the water vapor pressure is negligible and the scCO2 phase is essentially anhydrous.  
Between initial water contents of 0.02 and 0.08 g the liquid water saturation in the pore space increases with a 
corresponding drop in capillary 
head and increase in dissolved 
water in the scCO2 phase (vapor-
pressure-lowering transition 
region).  Using the BET surface 
area and the equilibrium 
saturation a water film thickness 
on the forsterite surfaces can be 
estimated, as shown in Figure 1.  
The NMR spectra indicated that 
above an initial water content of 
0.025 the dypingite-like peak 
disappears, as indicated on 
Figure 1, near the transition 
from anhydrous to wet scCO2.  
Also indicated on Figure 1 is the 
initial water content level at 
which the reaction kinetics 
reached a plateau, slightly 
beyond the vapor-pressure-
lowering transition region.
In addition to the 4-day forsterite reaction experiments at varying initial water contents, an experiment was 
conducted that tracked the forsterite conversion over 49 days for a single initial water content of 0.025 g, which is at 
the lower end of the vapor-pressure-lowering transition region.  The two-stage forsterite carbonation reaction, shown 
in Equations (1) and (2) can be combined into a single overall carbonation reaction:
2CO2 + 2H2O + Mg2SiO4 ! 2MgCO3 + H4SiO4 (3)
which implies that 2 moles of water are required for each mole of converted forsterite.  After 49 days roughly 47% 
of the forsterite had reacted, which according to Equation (3) would require 0.0067 moles (0.12 g) of water to react 
47% of the 0.0071 moles (1 g) of forsterite.  This result indicates that for low water contents the carbonation 
reaction differs from the pathway implied by Equation (3) and that water must be recycled to some extent, thereby 
partially acting as a catalyst during the reaction.  A plot of forsterite conversion as a function of time shows an 
asymptotic approach to a maximum conversion, which indicates that water depletion ultimately controls the 
reaction.
Figure 1. Dissolved-water molality in scCO2. water-film thickness, and reaction 
transition function versus initial water mass for the forsterite reaction experiments.
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The key indications from the mineral carbonation experiments are: 1) two-phase scCO2-water conditions support 
primary mineral dissolution and secondary mineral precipitation reaction pathways, 2) single-phase dissolved-water 
scCO2 systems involve thin water films with the reaction kinetics reaching a plateau abovea critical film thickness, 
3) reaction pathways/mechanisms appear to differ between single-phase dissolved-water scCO2 and two-phase 
scCO2-water conditions, and 4) reaction rates for single-phase dissolved-water scCO2 systems are dependent on 
dissolved-water concentrations.  To model mineral carbonation reactions across a spectrum of conditions from 
anhydrous scCO2 to two-phase scCO2-water conditions we propose transitioning reaction models; where single-
phase dissolved-water scCO2 reactions dominate below a critical film thickness and two-phase scCO2-water 
reactions dominate above a critical film thickness.  Reaction rates for two-phase scCO2-water 
dissolution/precipitation reactions can be modeled using a modified form of a general rate form [25,26]:
(4)
where, m is the mineral index, rm is the dissolution/precipitation rate (positive values indicate dissolution - negative 
values indicate precipitation) (mol/s), Qm is the ion activity product, Km is the equilibrium constant, k25 is the rate 
constant at 25˚C (mol/m2 s), Ea is the activation energy (J/mol), R is the gas constant (J/mol K), T is the absolute 
temperature (K), Am is the reactive surface area (m
2), dl is the water film thickness (m), and dc is the critical water 
film thickness (m).  The parameters μ, n, dc and ∃ are normally determined by experiment.  For the single-phase
dissolved-water scCO2 reactions we propose a simple rate form:
(5)
where, rm is the carbonation reaction rate (mol/s), and k is the reaction rate constant (mol/m
2 s).  The last terms in 
Equations (4) and (5) express the transition between the two-phase scCO2-water and single-phase dissolved-water 
scCO2 reactions as a function of water thickness, and require that the critical water thickness and exponent be 
determined experimentally.
The single-phase dissolved-
water scCO2 reaction function 
proposed in Equation (5) is a 
function of both dissolved-water 
molality and water-film 
thickness.  Under equilibrium 
conditions these parameters are 
related via the moisture retention 
characteristics and vapor-
pressure lowering function.  For 
low saturation conditions the 
transition term (second term) in 
Equation (5) will be close to 1.0, 
making the reaction rate 
primarily a function of the 
dissolved-water molality.  A plot 
of forsterite reaction rate versus 
dissolved-water molality is 
shown in Figure 2, for the four 
data points collected from the 
forsterite reaction experiments 
conducted with an initial water 
Figure 2. Forsterite reaction rate with decreasing water content for singl-phase 
dissolved-water scCO2 conditions
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content of 0.025 g over a 49-day period.  Water is both recycled and consumed during these reactions, with the 
consumed water forming highly porous amorphous silica species.  A reaction rate constant of 0.0093 mol/m2 s was 
derived from Figure 2, by assuming a linear relationship between BET surface area and consumed forsterite.  
Dissolved-water molality and water film thickness were determined by assuming equilibrium conditions for the 
unconsumed water mass, which decreases from 0.0250 to 0.0205 g over 49-day period.  As shown in Figure 2, the 
water-film thickness does not linearly correlate with the reaction rate.  One implication of Equation (5) is that rocks 
with stronger moisture retention characteristics will yield lower dissolved-water molality, via the vapor-pressure 
lowering function, producing lower reaction rates.
The 4-day forsterite reaction 
experiments indicated three 
reaction stages with increasing 
initial water content: 1) water 
limited reactivity (< 0.025 g 
water), 2) transition reactivity (< 
1.0 g water), and 3) primary 
mineral dissolution - secondary 
mineral precipitation reactivity 
(> 1.0 g water).  A similar 
transition occurs in the 
dissolved-water molality as a 
function of initial water content, 
as shown in Figure 1.  Using a 
critical film thickness of 0.036 
μm and an exponent of 8 the 
reaction transition function 
reflects this transition; the 
transition function is nearly 1 
below the initial water contents 
yielding amorphous silica and 
nearly 0 above the initial water 
content for the reaction plateau.  
Using the fitted reaction constant 
of 0.0093 mol/m2 s and the transition parameters above, Equation (5) can be used with the 49-day forsterite kinetic 
experiment, as shown in Figure 3, against both water film thickness and dissolved-water molality.  Additional 
experiments are required to verify the proposed transition function, but the current sparse experimental data 
indicates that mineral carbonation reactions proceed under different rates and mechanisms between single-phase 
dissolved-water scCO2 and two-phase scCO2-water conditions.
4. Discussion
Without suitable ligands for complexation, metal ion solubility in scCO2 is quite low due to the charge 
neutralization requirement and otherwise weak solute-solvent interactions, which suggests that mineral carbonation 
should be minimal in anhydrous scCO2.  An increasing number of experiments have shown that water-bearing 
scCO2 is highly reactive with formation minerals of importance to geologic sequestration systems. Mineral 
carbonation reactions within deep saline reservoirs for geologic sequestration appear to have fundamentally different 
mechanisms depending on the system state. For two-phase scCO2 conditions mineralization reactions proceed via 
dissolution of formation minerals into the bulk aqueous phase, driven by a pH reduction with CO2 dissolution, and 
subsequent precipitation of carbonate minerals.  For single-phase water-bearing scCO2 conditions, mineral 
carbonation appears to proceed via the formation of intermediate hydrated mineral phases that consume water with 
subsequent transformation of those intermediates into anhydrous carbonates coupled with release of water for 
further reaction.  For the first time, a kinetic reaction model has been proposed that provides reaction rates over a 
Figure 3. Forsterite reaction rate model and experimental data for single-phase 
dissolved-water scCO2 conditions
M.D. White et al. / Energy Procedia 4 (2011) 5009–5016 5015
8 Author name / Energy Procedia 00 (2010) 000–000
spectrum of fluid phase conditions, from two-phase to single phase, using a phase transition function, but further 
experimental study is needed to verify the proposed reaction model.
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